The operating parameters in the electro-Fenton process were simulated using computational fluid dynamics (CFD). The effects of H 2 O 2 /Fe 2þ molar ratio, current density, pH and reaction time were numerically investigated. The results were compared with the experimental data. The simulated data showed that maximum chemical oxygen demand (COD) removal was around 91.52% at pH of 3.27, H 2 O 2 /Fe 2þ molar ratio of 1.16, current density of 59.29 mA/cm 2 and reaction time of 41.7 min while the experimental data obtained from the literature showed a maximum COD removal (94.7%) at pH of 3, H 2 O 2 /Fe 2þ molar ratio of 1, current density of 49 mA/cm 2 and reaction time of 43 min.
INTRODUCTION
There are international concerns about the impact of organic and mineral compounds generated as products of waste mineralization within biological processes and accompanying physical and chemical processes on the environment. Organic and mineral compounds are washed out by percolating rainwater through the deposit of wastes in landfill, and form leachate (Atmaca ; Gotvajn et al. ; Mohajeri et al. ) .
Due to varying composition of leachate, leachate treatment methods have not been unified so far (Kulikowska & Klimiuk ; Mohajeri et al. ; Nidheesh & Gandhimathi ; Wang et al. ) . In the recent decades, different methods (including biological treatment, chemical precipitation, chemical oxidation, granular activated carbon adsorption, advanced oxidation processes (AOPs)) were applied to treat the organic and mineral materials (Tauchert et al. ; Altin ; Kulikowska & Klimiuk ; Gotvajn et al. ; Mohajeri et al. ; Nidheesh & Gandhimathi ) . Advanced oxidation processes are associated with the production of active hydroxyl radicals with a high potential for oxidation of organic compounds (Mohajeri et al. ; Nidheesh & Gandhimathi ) . Oxidation reaction speed of oxidant radicals is more than that of the common oxidants such as H 2 O 2 and KMnO 4 (Zoski ).
Among AOPs, electro-Fenton is an attractive and effective technology for the degradation and decolorization of landfill leachate (Jiang & Zhang ; Mohajeri et al. ; Nidheesh & Gandhimathi ) . Although AOPs have a lot of benefits, high electrical energy is required (Mohajeri et al. ) . The costs will be reduced by the reaction conditions' optimization.
In recent years, many simulations were carried out but there is no simulation on the landfill leachate treatment. The importance of simulation by computational fluid dynamics (CFD) is clear. For example reduction of costs and elimination of wasted times are some benefits of landfill treatment simulation. In the current research, the CFD was applied to obtain the operating conditions (pH, H 2 O 2 : Fe 2þ molar ratio, current density and reaction time) for chemical oxygen demand (COD) removal from landfill leachate. Thirty experiments obtained from the literature (Mohajeri et al. ) were simulated by Comsol (4.3.1.115) and optimum conditions were statistically found.
EXPERIMENTAL CONDITIONS
The electro-Fenton experiments were performed on laboratory scale using 500 mL beakers as reactors as reported earlier (Mohajeri et al. ) . Some of these conditions are mentioned below. Leachate pH was adjusted to the desired values with sulfuric acid or sodium hydroxide before adding Fenton reagents. Before measurements, the pH meter was calibrated with standard buffers (pH 4.0, 7.0 and 10.0) at room temperature. A direct current (DC) power supply (DAZHENG, PS-305D, 30V, 3A) was used to provide the desired current. A pair of aluminum electrodes was used as anode and cathode.
CFD modeling
Electrochemical cell geometry (9 cm × 12 cm (beaker dimensions)) is shown in Figure 1 (a). CFD results showed that the distance between electrodes does not have any effect on the simulation. Further, the ions' migration is negligible. Electrode dimensions were 2 cm × 1 cm × 0.2 cm. The left and right small rectangles were anode and cathode, respectively. Figure 1(b) shows concentration distribution of Fe 2þ for run number 9 at begining and end time (3,000 s) of process quantitatively. Fe 2þ is generated near the cathode. The reaction rate constants were extracted from the literature (Duesterberg & Waite ) .
For conductivity measurement a Mettler-Toledo 320 pHconductivity meter was used.
Governing equations and boundary conditions
The governing equations of mass continuity and momentum transport for unsteady laminar flow of an incompressible Newtonian fluid and electric current continuity were applied: @c @t þ u:∇c þ ∇: ÀD:∇c ð Þ¼R (1) where c is the concentration of the species (mol/m 3 ), D denotes the diffusion coefficient (m 2 /s), R is a reaction rate expression for the species [mol/(m 3 s)], u is the velocity vector (m/s). According to the continuous mixing by stirrer, the diffusion term can be disregarded. The electric current continuity is given by
where J is the induced electric current, J e includes external current sources that do not result from the material conductivity (such as thermoelectric currents), E is the electric displacement field, and Q j is a current source term. In the current case, external current sources and electric displacement field are negligible. Then Equation (2) is simplified to Equation (3). The domain equations for the electrodes and the electrolyte are defined as
In other words
where σ l is the electrolyte conductivity and ∅ l is the potential in the electrolyte. The analogous equation is defined by the interfaces for current conduction in the electrodes:
where σ s is the electrode conductivity and ∅ s is the potential in the electrode. The electrode kinetics for the charge transfer reaction can accurately be described by arbitrary expressions (or by the predefined Butler-Volmer or Tafel expression). The charge transfer reactions can be defined as sources or sinks in a domain or as boundary conditions.
The difference between the interfaces lies in the description of the electrochemical reactions. The rate of electrochemical reactions can be described by activation overpotential. The activation overpotential, η m , for reaction in an electrode (with index m) is given by
where E eq,m denotes the equilibrium potential for reaction of m.
The Butler-Volmer equation was used for calculation of ∅ s . The final form of the Butler-Volmer equation (Equation (7)) (Zoski ) predicts our system as a function of the overpotential in a well-stirred cell. ∅ l is calculated via i loc by the following equation:
where i loc is the local charge transfer current density. A v is the specific surface area of the electrode. α c is the cathodic charge transfer coefficient. α a is the anodic charge transfer coefficient. F, T, i 0 and η are the Faraday constant, system temperature, exchange current density and overpotential, respectively. According to the Gibbs free energy
where k is the rate constant of the reaction. Furthermore, there is a relation between Gibbs free energy and electromotive force:
where n is the number of transferred electrons in oxidationreduction reactions in electrodes (cathode and anode). In all experiments, the temperature was 25 W C. Therefore k ¼ exp 38:879nJ (11) The rate of reaction for Fe conversion in the cathode is calculated by
Equation (12) is the boundary condition for the cathode. The same equation can be written for the anode, as well. Equations (11) and (12) are Solver Bridge between Equations (1) and (2). There is no flux in the top and bottom walls.
Mesh generation
Due to the intense change near the electrodes, the number of meshes will be a lot near the electrodes. The free triangular meshing was compared with free quad meshing. The results showed that the two types of meshing are the same.
A grid-independence study was carried out on experiment number 15 (because a good agreement between CFD results and statistical calculations was obtained) for three meshes with different number of elements (330 (mesh 1), 548 (mesh 2), 752 (mesh 3)). The results are illustrated in Table 1 . According to the COD removal data, minimum numbers of elements were selected and the degrees of freedom was solved for 76241. The effect of the Fenton reaction initially was sharp. Then hydroxyl radical was generated (by gradual consumption of H 2 O 2 ) and the Fenton reaction slowly continued. In addition, electric current provided motive force (hydroxyl radical) for the Fenton reaction.
RESULTS AND DISCUSSION
Initial concentration distribution is shown in Figure 3 for experiment no. 8 (Mohajeri et al. ) . Figure 3(a) shows Fe 2þ generated near the cathode. Due to existing H 2 O 2 around the cathode, Fe 2þ is generated and H 2 O 2 is consumed around it (Figure 3(b) ). Furthermore, OH À is generated over time as shown in Figure 3(c) . In addition, hydroxyl radical is generated close to the cathode and anode, respectively as shown in Figure 3(d) . Due to the high rate of hydroxyl radical consumption, the concentration of hydroxyl radical in the electrochemical cell was too low. Figure 3 (e) shows consumed Fe 3þ near the cathode (Mohajeri et al. ) . The hydroxyl radical is generated around the cathode and anode and the concentration of COD decreases with time (Mohajeri et al. ) . Figure 4 shows concentration distribution at time of 600 s (end time). It is similar to Figure 3 but concentration distribution near the cathode (as seen in Figure 4(d) ) is not much due to the low rate of hydroxyl radical generation (Mohajeri et al. ) . According to Figure 4(f) , COD removal near the anode was more than that of the cathode.
Numerical optimization was also applied to optimize process parameters for maximum leachate mineralization. Design Expert software (version 8.0.7.1) was applied for the optimization process. The simulated data from Comsol were used for statistical analysis. The optimum conditions for 91.52% COD removal were pH of 3.27, molar ratio of 1.16, current density of 59.29 mA/cm 2 and reaction time of 41.7 min. The simulated values were in good agreement with the experimental and predicted optimized data (Mohajeri et al. ). The error percentage was around 0.55% as shown in Table 2 .
CONCLUSIONS
A two-dimensional CFD model was adopted to determine the optimum operating conditions for the electro-Fenton process. Optimum conditions for the maximum COD removal (91.52%) were found at H 2 O 2 /Fe 2þ molar ratio of 
